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Electron transmission between normal and heavy electron metallic phases in Kondo
lattices
M. A. N. Arau´jo1,2∗ and A. H. Castro Neto3
1 Department of Physics, Massachusetts Institute of Technology, Cambridge MA 02139, U.S.A.
2 CFIF, Instituto Superior Te´cnico, Av. Rovisco Pais, 1049-001 Lisboa, Portugal and
3Department of Physics, Boston University, 590 Commonwealth Avenue, Boston, MA 02215,USA
The interface between a heavy fermion metallic phase and a “normal” (light-fermion) metal phase
is discussed. The Fermi momentum mismatch between the two phases causes the carriers to scatter
at the interface. The interface conductance is a monotonous increasing function of conduction elec-
tron density, nc, and is almost 60% of that of a clean heavy fermion metal at half-filling (nc = 1) and
can be measured experimentally. Interface experiments can be used as probe of the nature of the ho-
mogenous heavy-fermion state and provide important information on the effects of inhomogeneities
in heavy-fermion alloys.
PACS numbers: 72.10.Fk,71.27.+a,73.43.Nq
I. INTRODUCTION
In Kondo lattice metals a Fermi sea of carriers inter-
acts antiferromagnetically with a lattice of localized f
electrons, in rare earth atoms, which behave as localized
magnetic moments. The interplay between magnetic in-
teractions (such as RKKY) and the Kondo effect leads
to two very different types of ground states: a magneti-
cally ordered metal and a paramagnetic disordered heavy
metal phase. On one hand, in the disordered phase the f
moments effectively decouple from the conduction band
which has a small Fermi sea (FS) made out of nc elec-
trons per unit cell. In the heavy-fermion liquid (HFL)
phase, on the other hand, the Kondo effect drives the
formation of singlets between conduction and f electrons
and, therefore, leads to magnetic screening and a large
FS with nc + 1 electrons
4. Hence, on a quantum phase
transition (T = 0) between a heavy-fermion and a light-
fermion state the metal undergoes an abrupt change in
the volume of the FS. This volume change can be ob-
served in measurements of the Hall coefficient which is a
direct measure of the density of carriers in the system5.
Nevertheless, these measurements are often complicated
by extrinsic effects such as the presence of disorder and
finite temperature broadening.
In the presence of disorder, either due to alloying or
extrinsic impurities, the situation becomes more com-
plex and, due to local variations of chemical pressure,
the system may break up into domains of the two phases
leading to the formation of internal interfaces and to
non-Fermi liquid behavior generated by quantum Grif-
fiths singularities6. A similar situation occurs close to
a heavy-metal to Anderson insulator transition7. It has
been argued recently8,9 that these interfaces control the
amount of dissipation and the crossover energy scales
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that regulate the physical properties of disordered alloys.
Therefore, our studies also have implications on the study
of non-Fermi liquid phases11.
Now imagine that one constructs an interface (or junc-
tion) between these two distinct phases. The difference in
FS volume (or Fermi momentum, kF , mismatch) leads to
an impedance at the interface and hence to a contribution
to the conductance in the system (see Fig. 1). Similar
experiments have been realized recently in point contact
spectroscopy of normal metals and heavy fermion super-
conductors such as CeCoIn5, with unusual behavior of
the point contact conductance as a function of the applied
voltage10. We analyze below a inhomogeneous system
in which a heavy fermion phase and a “normal” (light-
fermion) metallic phase in the same material are in di-
rect contact with each other. Because the Kondo singlet
formation lowers the energy of the conduction electrons,
some electrons migrate from the normal phase into the
HFL phase, creating an electric dipole barrier between
the two phases. At the interface the Fermi surface vol-
ume changes abruptly, so the interface itself behaves as
a scatterer. We establish the matching conditions on the
electronic states and calculate the electrical conductance
across the interface in a simple Kondo lattice model.
We also provide suggestions for experiments where two
phases are made to coexist in a single sample, as in Fig. 1.
The total resistance is given by the sum of the bulk re-
sistances of the phases plus the interface contribution. If
the specimen is a heavy fermion material belonging to the
class of quantum critical points (QCPs) where the Kondo
temperature vanishes, the interface scattering should be
observable. If the material belongs to the “SDW sce-
nario” of QCP, the interface contribution should be ab-
sent as there is no FS volume mismatch at the QCP.
Therefore, such an experiment could distinguish the two
types of QCPs.
The paper is organized as follows. The model Hamilto-
nian is introduced in Section II; Section III is devoted to
the discussion of the electronic properties of the interface;
experimental suggestions are given in section IV.
2FIG. 1: Top: Fermi surfaces of a heavy Fermi liquid (HFL)
metal (left) and a “normal” light fermion metal (right). Bot-
tom: an experimental setup where the HFL and “normal”
metal coexist in the same sample and an electrical current
flows through.
II. MODEL HAMILTONIAN
We consider a Kondo lattice model for the metal, with
a single band ǫ(k) of conduction (cˆk,σ) electrons with
Bloch momentum k and spin σ = ±1/2, interacting anti-
ferromagnetically with the localized f electrons in a lat-
tice with Ns sites:
Hˆ =
∑
k,σ
(ǫ(k)− µ) cˆ†k,σ cˆk,σ +
∑
k,σ
(ǫf − µ) fˆ †k,σ fˆk,σ
− J
∑
i
sˆi · Sˆi , (1)
with J < 0, and the spin operators at site i are given
by sˆi = cˆ
†
i,ασcˆi,β and Sˆi = fˆ
†
i,ασfˆi,β (σ are Pauli ma-
trices). There is exactly one f electron at each site.
In order to describe the spin singlet formation between
c and f electrons at every site in the HFL phase, we
recast the local spin exchange interaction as sˆi · Sˆi =
−
(
λˆi,↑ + λi,↓
)2
− nˆc,i − nˆf,i − nˆc,inˆf,i, where nˆc(f),i is
the number operator for c (f) electron at site i and
λˆiσ =
1
2
(
cˆ†i,σ fˆi,σ + h.c.
)
. We decouple the λˆ operators
by introducing an auxiliary field, λ, so the effective mean
field theory becomes4:
Hˆ =
∑
k,σ
(ǫ(k)− µ)cˆ†k,σ cˆk,σ +
∑
k,σ
(ǫf − µ)fˆ †k,σ fˆk,σ
− 2λJ
∑
i,σ
(
cˆ†i,σ fˆi,σ + h.c.
)
− 4λ2JNs . (2)
In the HFL phase (λ 6= 0) quasi-particles form, with mo-
mentum k, having c and f components. We shall assume
that only the lowest band E(k) of heavy quasi-particles is
occupied. In the “normal” phase (λ = 0) quasi-particles
are just c electrons. Single particles are described by
two-component wave-functions ψ(r) = (u(r), v(r)) re-
lated to the c and f components of the electronic states,
respectively, and obeying the normalization condition
|u(r)|2 + |v(r)|2 = 1. In homogeneous heavy fermion
metals we have (u(r), v(r)) = (uk, vk)e
ik·r, with
u2k =
(2λJ)2
(2λJ)2 + (E − ǫ(k))2 , (3)
v2k =
(E − ǫ(k))2
(2λJ)2 + (E − ǫ(k))2 , (4)
and the energy of this state is
E(k) =
1
2
[
ǫf + ǫ(k)±
√
(ǫf − ǫ(k))2 + (4λJ)2
]
. (5)
In a normal homogeneous metal uk = 1 for a c electron
and vk = 1 for a local f electron. The self-consistent
equation for λ is: λ = (4Ns)
−1
∑
i,σ〈cˆ†i,σ fˆi,σ + h.c.〉 . In
mean field theory, the local chemical potential ǫf for the
f electrons must be chosen so as to implement single oc-
cupancy on average, 〈nˆf,i〉 = 1, at every site i. Therefore,
in a inhomogeneous system ǫf may be required to vary
from site to site. In the HFL phase λ 6= 0 and both c
and f electrons contribute to the FS volume. Therefore,
the volume of the FS must either include nc electrons in
the normal metal or 1+nc electrons in the heavy fermion
metal.
We now consider a system where both HFL and normal
phases exist simultaneously and are separated by a thin
interface. We take half of the metal (x < 0) to be in the
HFL phase while the other x > 0 half is in the normal
state (λ = 0). The interface is the yz plane. We shall
denote by p the Bloch wave-vector in the heavy metal
and by k the wave-vector in the normal metal.
III. INTERFACE PROPERTIES
A. Absence of a proximity effect
If we consider that J = 0 on the normal x > 0 half
of the metal, then the amplitude for singlet formation,
〈cˆ†i,σfi,σ〉, drops abruptly from its finite value in the heavy
fermion (x < 0) metal, to zero in the normal metal12.
The local singlet correlation λ vanishes abruptly as one
goes from the heavy to the normal metal because of the
localized nature of the f electrons. In this sense, we
may say that there is no proximity effect for singlet for-
mation. In a normal-superconductor interface there is
a proximity effect for the pairing, 〈ci,↑ci,↓〉, because the
electrons establish the Cooper pairing in the supercon-
ductor and they both propagate into the normal side
transporting the correlation with them. This does not
happen in the case discussed here since the f electrons
are localized. The coupling J = 0 on the normal side
effectively removes the normal metal f local moments
3from the problem, so they cannot establish singlet cor-
relations with conduction electrons. Nevertheless, there
is a singlet correlation between a conduction electron on
the normal side (close to the interface) and a f moment
on the heavy metal side. The same happens if, instead
of taking J = 0, a sufficiently strong magnetic field is
applied to the x > 0 portion of the metal which polarizes
the f moments, thereby preventing the formation of spin
singlets. Alternatively, we may consider a temperature
gradient, such that the left side of the sample is below
the Kondo temperature, TK , and the right hand side is
above TK . Then 〈cˆ†i,σfi,σ〉 decreases continuously to zero
as the temperature crosses TK . The coherence factors of
the quasi-particles u and v vary continuously in space but
the FS volume of carriers changes abruptly in a very thin
region where λ → 0. The absence of a proximity effect
is rather important in the case of inhomogeneous alloys
because it shows that the heavy-fermion component of
the system cannot penetrate the light component. The
situation here is similar to the one in optics where light
coming to an interface between two materials with very
different index of refraction is completely reflected at the
interface.
B. Formation of a dipole barrier
The spin singlet formation between localized f and
conduction electrons lowers the effective local site energy
of the c electron. This causes the chemical potential µ
of a heavy fermion system to be lower than that of a
normal metal with the same conduction electron concen-
tration nc. It implies that some conduction electrons
initially flow through the interface, leaving a positive
excess charge in the normal metal side and a negative
excess charge on the heavy fermion side. Therefore, a
dipole barrier forms close to the interface. The electro-
static potential created by the barrier (similar to that of
a capacitor) increases the local site energy of the c elec-
trons on the heavy fermion subsystem by an amount ǫc
with respect to the local c site energies in the normal
subsystem (the situation here resembles the contact po-
tential of a dipole layer in p-n semiconductor junctions).
The chemical potential is then constant throughout the
sample but the c site energies increase by the amount ǫc
across the barrier from the normal to the heavy fermion
side. Because these are metallic systems, the dipole bar-
rier should be efficiently screened by the conduction elec-
trons over a length of the order of few atomic spacings12.
The local site site energy of the c electrons varies in
space close to the interface, ǫc(x) = eV (x) where V (x)
is the electrostatic potential and e is the electron charge.
It is assumed that V (x) → 0 as x → ∞ deep inside the
normal metal (see Figure 2). The Poisson equation for
the local site energy reads
d2ǫc(x)
dx2
= −e
2
ε0
[nc(x)− n¯c] , (6)
FIG. 2: Spatial variation of the c site energies due to the
formation of a dipole barrier at the interface.
where ε0 is the vacuum electrical permitivity, nc(x) de-
notes the space dependent c electron concentration and
the value of n¯c = nc(±∞) is determined by charge neu-
trality away from the interface. An analytical description
of the dipole barrier can be made using a Thomas-Fermi
approximation where the Fermi momenta are assumed to
vary in space. On the heavy fermion side (x < 0), using
a parabolic dispersion, one can write:
µ =
1
2
[
~
2p2F (x)
2m
+ ǫc(x) + ǫf
±
√(
~2k2F (x)
2m
+ ǫc(x)− ǫf
)2
+ (4λJ)2

 ,(7)
nc(x) =
2
(2π)3
∫ pF (x)
0
d3p u2p(x) , (8)
while on the normal metal side we write:
µ =
~
2k2F (x)
2m
+ ǫc(x) , (9)
nc(x) =
2
(2π)3
4
3
πk3F (x) . (10)
Eliminating kF (x) from (9)- (10) and solving for nc(x),
we can then insert the result in (6) obtaining:
d2ǫc(x)
dx2
= −e
2
ε0
[(
2m
~2
) 2
3 (µ− ǫc(x))
3
2
3π2
− n¯c
]
, (11)
for x > 0. But
n¯c =
(
2m
~2
) 3
2 µ
3
2
3π2
,
therefore,
d2ǫc(x)
dx2
= −e
2
ε0
1
3π2
(
2m
~2
)2/3 [(µ− ǫc(x)) 32 − µ 32 ]
3π2
≈ e
2
ε0
(
2m
~2
) 2
3 µ
1
2
2π2
ǫc(x) (12)
4implying that ǫc(x) = ǫc(0)e
−x/ξn with the screening
length inside the normal metal given by:
ξ−2n =
e2mkF
ε0~2π2
. (13)
Considering the heavy fermion side (x < 0), we may
directly write the variation in c-electron density already
linearized in the energy shift of the site energies:
nc(x) − n¯c = −NF (h) [ǫc(x)− ǫc(−∞) ] , (14)
where NF (h) denotes the Fermi level density of states of
the heavy fermion system (which can be taken at x =
−∞) and is given by
NF (h) =
2
(2π)3
∫
d3p δ (µ− E(p)) = mpF
π2~2u2(pF )
.
(15)
Then the linearized version of the Poisson equation (6)
becomes:
d2ǫc(x)
dx2
=
e2
ε0
mpF
π2~2u2(pF )
[ǫc(x) − ǫc(−∞) ] , (16)
which gives
ǫc(x) = ǫc(−∞) + [ǫc(0)− ǫc(−∞) ] ex/ξh , (17)
with the screening length on the heavy metal side given
by
ξ−2h =
e2mpF
ε0~2π2u2(pF )
. (18)
The value of pF can be simply obtained from the condi-
tion of charge neutrality far from the interface,
2
(2π)3
∫ pF
d3p = 1 + n¯c . (19)
C. Transmission through the interface
The two-component wave-function ψ(r) varies across
the interface in such a way that it describes a heavy quasi-
particle for x < 0 and a c or localized f electron for
x > 0. The f electrons are localized and therefore carry
no charge current. It is only the c electron that transports
charge (across the interface). This can also be readily
seen from the microscopic conservation of the probability,
∂t|ψ(r)|2 = −∇·j, with |ψ(r)|2 = |u(r)|2+ |v(r)|2. For a
parabolic dispersion, ǫ(∇) ∝ ∇2, one obtains the current
for a k state as j = i (u∇u∗ − u∗∇u) /~, implying that
only u(r) carries the current.
The matching conditions to be imposed on the wave-
function are the continuity of u(r) and the current con-
servation, which is only related to u(r). In a model with
parabolic electronic dispersion, ǫ(k) ∝ k2, this would im-
ply the continuity of the gradient of u(r). The function
v(r) itself obeys no matching condition: v(r) = 1 (or 0)
for a f (or c) electron on the normal (λ = 0) side and,
in the HFL side, where λ 6= 0, v(r) is determined by the
diagonalization of the Hamiltonian (2) and the matching
condition for u(r).
In a model where λ changes abruptly from a finite value
to zero at the interface, the local chemical potential ǫf
and the c electron site energy ǫc vary in space in a small
region close to the interface. In the following we ne-
glect this spatial variation and assume that ǫc > 0 is
constant for x < 0 and ǫc = 0 for x > 0, and that ǫf
also changes abruptly from its constant bulk value in the
heavy fermion x < 0 to ǫf = µ for x > 0. In order to cal-
culate the conductance through the interface, we consider
a model parabolic dispersion for the c electrons. The
Bloch wave-vector has both parallel (k||) and perpendic-
ular (kx) components to the interface. Introducing the
position vector r = (y, z), the matching conditions for
the wave-function describing an incident quasi-particle
from the left imply p|| = k||:
ψL(x < 0) = e
i·p||·r
[(
u
v
)
eipxx + rk,p
(
u
v
)
e−ipxx
]
,
ψL(x > 0) = tk,p
(
1
0
)
eikxxei·p||·r , (20)
with the transmission and reflection amplitudes given by:
tk,p = u
2px
px + kx
, rk,p =
px − kx
px + kx
, (21)
respectively. The momenta satisfy the energy conserva-
tion condition E
(
p||, px
)
= ǫ
(
k|| = p||, kx
)
. Because the
heavy fermion metal has the larger FS only incident elec-
trons from the left making an angle θ < arcsin(kF /pF )
with the x axis are transmitted (see Fig. 1). A wave-
function describing an incident conduction electron from
the right is given by:
ψR(x < 0) = t−p,−ke
i·k||·r
(
u
v
)
e−ipxx , (22)
ψR(x > 0) = e
i·k||·r
[(
1
0
)
e−ikxx + r−p,−k
(
1
0
)
eikxx
]
,
with the transmission and reflection amplitudes given by:
t−p,−k =
1
u
2kx
px + kx
, r−p,−k =
kx − px
px + kx
, (23)
respectively.
D. Conductance through the interface
The transmission and reflection amplitudes are deter-
mined by the mismatch of the Fermi momenta of the two
subsystems. Applying a voltage V across the interface,
the charge current flowing from right to left is13:
I = 2e2V S
∫
d3k
(2π)3
δ(µ− ǫ(k)) ∂E
~∂px
|t−p,−k|2 (24)
5where S denotes the area of the interface. It can be shown
from (5) that the heavy particle velocity ∂E(p)/∂px =
u2∂ǫ(p)/∂px. Equation (24) can be written as:
I = 2e2V S
∫ pi/2
0
dθ sin θ
∫ 2pi
0
dφ
∫ ∞
0
k2 dk
(2π)3
×
δ (~vF (k − kF )) u
2
~px
m
(
2kx
u(kx + px)
)2
(25)
The integration is performed in the half sphere θ < π/2 of
incident momenta from the normal metal. On the Fermi
Surface we write kx = kF cos θ and px = pF cos θ. The
momenta on both sides of the interface are related by
p2F = p
2
||+ p
2
x and k
2
F = k
2
||+ k
2
x with p|| = k|| = kF sin θ.
Therefore, we can rewrite (25) as
I =
4e2V Sk3F
πh
∫ pi/2
0
√
p2F − k2F sin2 θ cos2 θ sin θ dθ[√
p2F − k2F sin2 θ + kF cos θ
]2 .
(26)
The conductance of a clean heavy fermion metal is
given by
G0h = S e
2
h
p2F
2π
. (27)
The conductance of the interface, Gi(= I/V ), obtained
from equation (26) after changing the variable of integra-
tion to x = sin θ is:
Gi
G0h
= 8κ3
∫ 1
0
dx
x
√
1− x2 √1− κ2x2[√
1− x2 +√1− κ2x2 ]2 , (28)
where κ3 = (kF /pF )
3 = nc/(1 + nc). Figure 3 shows
a plot of the interface conductance versus nc. One can
clearly see that the larger the value of nc the larger is the
effect and even for dense systems with nc = 1 electron
per unit cell (half-filling) the value of the interface con-
ductance is of the order of 60 % of that of a clean heavy
fermion metal.
IV. EXPERIMENTAL REALIZATION
In the geometry suggested in Fig. 1 with the heavy-
fermion, the normal fermion, and the interface in series,
one would measure the total conductance of the junc-
tion, that is, G−1 = G−1h +G
−1
n +G
−1
i , where Gn is the
conductance of the normal Fermi liquid. Hence, in order
to measure the interface conductance one would have to
measure the heavy and normal conductance separately,
before measuring the conductance of the interface. The
bulk conductance of the heavy fermion can be expressed
as
Gh = S e
2
h
p2F
2π
ℓc
L
, (29)
0 1 2 3 4 5
nc
0
0.2
0.4
0.6
0.8
1
G
i/G
0h
FIG. 3: Interface conductance (normalized to that of a clean
heavy fermion metal) plotted versus conduction electron den-
sity.
where ℓc is 4/3 of the electron’s transport mean-free path
and L is the size of the system (in the clean limit, ℓc > L,
we set L/ℓc = 1 in (29)). Electron scattering by impuri-
ties and phonons are included in the bulk conductances.
The point we wish to emphasize is that the interface itself
causes a contribution to the total resistance.
The interface can be created avoiding large lattice mis-
matches between the two sides, so as to minimize struc-
tural scattering. Here we suggest a few possibilities: (1)
in the scenario of Figure 4a, a large magnetic field can
be applied to one side of the sample and the longitu-
dinal resistivity can be measured with and without the
field; (2) a sharp temperature gradient can be applied
to a sample of a heavy fermion material so that half of
the system is above the Kondo temperature and half is
below the Kondo temperature. Heavy fermion materials
have resistivity ρ(T ) ∝ logT above the Kondo temper-
ature TK and ρ(T ) decreases rapidly as temperature is
reduced below TK . If a constant temperature difference
is imposed across the sample with thermal conductiv-
ity K, a heat current jQ = K dT/dx flows. From the
Wiedemann-Franz law we expect dT/dx ∝ T−1ρ(T ). If
a material with a sharp resistivity peak near the Kondo
temperature is chosen, then the temperature gradient is
high in the region where T ≈ TK , producing a thin in-
terface. In this case, the material must be chosen so as
to minimize effects associated with thermoelectric power;
(3) in the scenario of Figure 4b, for systems where the
magnetic behavior can be tuned by changing the chemi-
cal concentration (chemical pressure), a sample could be
grown with a large gradient concentration so that half of
the system is in the magnetically ordered phase and half
in the HFL phase; (4) alternatively, two different me-
chanical pressures can be applied on two regions of the
sample, so that the two regions are on opposite sides of
a QCP, as the points A and B in Figure 4b. If the QCP
occurs at vanishing Kondo temperature, T
(1)
K , the sharp
6FS volume mismatch at the interface causes the effects
predicted above.
FIG. 4: a) The Kondo temperature decreases under exter-
nal magnetic field and vanishes at a quantum critical point
(QCP); b) phase diagram showing the QCP between an an-
tiferromagnetic metal (AFM) and HFL phases, obtained by
varying pressure.
In systems where the Kondo temperature is finite at
the QCP (T
(2)
K in Fig. 4(b)), we believe the interface
scattering between the AFM and the HFL phases to
be negligible small (and would anyway disappear as A
and B approach the QCP). This can be seen as follows.
The AFM, in this case, is a spin-density-wave (SDW) in
a system where the local magnetic moments have been
Kondo screened by the conduction electrons. Some re-
gions of the Fermi surface are gapped. Now suppose that
the electrons flow from the SDW to the paramagnetic
phase. Only the electrons in the ungapped regions of the
Fermi surface produce a current. An ungapped electron
flows from the SDW into the paramagnetic phase with-
out changing its Bloch k state. If an interface scattering
exists at all, it should be very small, unlike the one pre-
dicted above for the Kondo screening scenario, which is
caused by an appreciable momentum mismatch around
the whole Fermi surface. Therefore, we believe that an
experimental setup like the one we propose can distin-
guish the two scenarios (T
(1)
K and T
(2)
K in Fig. 4(b)) for
the QCP in heavy fermion systems, because in the SDW
scenario the interface scattering effect should be almost
non-existent.
In summary, we have studied the problem of the trans-
port through an interface between a heavy electron metal
and an ordinary metal. We have argued that the heavy
fermion state does not induce a proximity effect on the
ordinary metal and that the hybridization gap changes
abruptly across the interface. Because of the change of
the f electron energy across the interface an atomically
thin dipole barrier is formed, a situation quite similar to
the dipole layers in semiconducting p-n junctions. We
have also shown that the interface produces a contribu-
tion to the electrical conductance that depends essen-
tially on the number of electrons in the system and that
for dense systems the value of the conductance is substan-
tial and can be easily measured experimentally. We have
also proposed ways to create such interfaces. We hope
this work will stimulate experimentalists to realize them
experimentally. Finally, we would like to stress that our
results not only have implications for the problem of the
nature of the heavy electron ground state, but also can
be used to understand quantum criticality and the effects
of inhomogeneities close to quantum critical points.
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